Diamond-Blackfan anemia is an inherited bone marrow failure syndrome characterized by anemia, congenital abnormalities and cancer predisposition. Small ribosomal subunit genes RPS19, RPS24 and RPS17 are mutated in approximately one-third of patients. We utilized a candidate gene strategy combining high-resolution genomic mapping and gene expression microarray in the analysis of two DBA patients with chromosome 3q deletions to identify RPL35A as a potential DBA gene. Sequence analysis of a cohort of DBA probands confirmed involvement RPL35A in DBA. shRNA inhibition shows that Rpl35A is essential for maturation of 28S and 5.8S rRNAs, 60S subunit biogenesis, normal proliferation and cell survival. Analysis of pre-rRNA processing in primary DBA lymphoblastoid cell lines demonstrated similar alterations of large ribosomal subunit rRNA in both RPL35A-mutated and some RPL35A wildtype patients, suggesting additional large ribosomal subunit gene defects are likely present in some cases of DBA. These data demonstrate that alterations of large ribosomal subunit proteins cause DBA and support the hypothesis that DBA is primarily due to altered ribosomal function.
INTRODUCTION
Diamond-Blackfan anemia (DBA, MIM #105650) is an autosomal dominant bone marrow failure syndrome characterized by anemia typically presenting in infancy or early childhood.
Similar to other inherited bone marrow failure syndromes, the central hematopoietic defect is of enhanced sensitivity of hematopoietic progenitors to apoptosis 1 along with evidence of stress erythropoiesis, including elevations in fetal hemoglobin and mean red cell volume (MCV). 2 In only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013 . bloodjournal.hematologylibrary.org From addition, the majority of patients exhibit an increase in erythrocyte adenosine deaminase activity. 3 Occasionally neutropenia and thrombocytopenia are also observed. Congenital abnormalities, including craniofacial, cardiac, genitourinary, and upper limb/hand malformations are found in 40-50% of patients. 4, 5 In addition to anemia and abnormalities of embryogenesis, DBA is associated with an increased risk of cancer, most commonly hematologic malignancies and osteogenic sarcoma. 4, 6 Approximately 25% of affected patients have heterozygous alterations of RPS19, which encodes a protein component of the small ribosomal subunit. 7 Haploinsufficiency of the RPS19 gene product has been demonstrated in a subset of cases 8 and appears to be sufficient to cause DBA. There is as yet no definitive explanation of the restricted clinical phenotype of DBA given that the RPS19 gene product is expressed in most somatic tissues. Potential extra-ribosomal functions for Rps19 have been demonstrated, 9 though how these might preferentially affect erythropoiesis and/or embryogenesis in DBA remains unclear.
A role for Rps19 in 18S rRNA maturation and small ribosomal subunit assembly has been established in yeast 10 and in mammalian hematopoietic cell lines. 11, 12 Abnormalities of 18S rRNA maturation have also been observed in primary DBA fibroblasts, EBV lines and bone marrow progenitors from patients with RPS19 mutations, suggesting that an abnormality of ribosomal function might be the predominant pathophysiologic abnormality underlying DBA. [11] [12] [13] Additional evidence in support of a ribosome-mediated abnormality in DBA comes from the finding of mutations in genes encoding two additional small ribosomal subunit proteins, Rps24
and Rps17, which have also been identified as mutated in a small percentage of DBA patients. 14, 15 Haploinsufficiency resulting from somatic chromosomal deletions of another small subunit ribosomal protein gene, RPS14, has been implicated in the 5q -myelodysplastic only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013 . bloodjournal.hematologylibrary.org From syndrome, suggesting a critical role for abnormalities of the small ribosomal subunit in both inherited and acquired disorders of erythropoiesis and providing further evidence of a link between ribosomal abnormalities and cancer. 16 Furthermore, abnormalities of ribosomal metabolism have been implicated in other inherited bone marrow failure syndromes including Shwachman-Diamond syndrome, cartilage hair hypoplasia and X-linked dyskeratosis congenita. 17 Here we report the novel finding of a large ribosomal protein gene abnormality in DBA that affects rRNA processing, ribosome biogenesis as well as selective cell proliferation and apoptosis, thus demonstrating a central role of the ribosome in this bone marrow failure syndrome.
PATIENTS, MATERIALS & METHODS

Patients
One hundred and fifty DBA families participated in the study. Twenty-four were from multiplex families while 126 included only one affected individual. Eleven probands had known mutations in RPS19 and three had RPS24 mutations. Informed consent was obtained from all patients and their family members under participating institutional protocols and in accordance with the Declaration of Helsinki. The diagnosis of DBA in all probands was based on the presence of sufficient classical criteria including anemia presenting before the first year of life, reticulocytopenia, normal platelet and neutrophil counts, normocellular marrow with a paucity of erythroid precursors as well as supportive criteria including family history of DBA, red blood cell macrocytosis, elevated fetal hemoglobin or elevated eADA activity. A diagnosis of other inherited or acquired bone marrow failure syndromes, including Fanconi anemia, dyskeratosis congenita and Shwachman Diamond syndrome, was excluded. 
RPL35A Sequencing
Genomic DNA samples from 150 unrelated DBA probands (including two with 3q deletions) enrolled in the study and 180 control individuals were amplified by polymerase chain reaction (PCR) and sequenced for mutations in the RPL35A gene. Primers were designed to amplify the coding exons, intron/exon boundaries of the RPL35A gene and 250 bp upstream of the transcriptional start site. PCR products were directly sequenced from the forward and reverse primers. Mutations were confirmed by sequencing from two or more independent PCR reactions. DNA from 180 control individuals was sequenced to determine if the observed sequence variations were pathogenic mutations or polymorphisms. DNA samples from available family members were sequenced to determine whether the mutation co-segregated with the DBA phenotype within the pedigree. Primer sequences are included in Supplementary Table 1. Cell Culture UT-7/Epo cells were maintained in IMDM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin, and 1 U/ml erythropoietin. TF-1 cells were maintained in modified RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin, and 4 ug/ml GM-CSF. EBV-transformed lymphoblastoid only.
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shRNA Design, Lentivirus Production and Target Cell Infection
Three short-hairpin interfering RNA sequences targeting the coding sequence and one targeting the 3′ untranslated region of RPL35A were investigated (Supplementary figure 1) . An shRNA targeting firefly luciferase was used as a control. 18 The four RPL35A shRNA constructs and the luciferase control sequence were directionally cloned into a lentilox vector (pLL3.7)
downstream of the U6 promoter. 19 Lentivirus transduced cells were purified by Fluorescence- 
Sucrose Density Gradient Fractionation
Statistical Methods
Confidence intervals were calculated using the extended Wald method. Mean proliferation and RPL35A expression levels were compared using the unpaired t test. Annexin binding intensities were compared using the Kolmogorov-Smirnov statistic. In all analyses, a two-tailed p < 0.05 was considered significant. 
GenBank Accession Numbers
Additional Methods
Detailed methods used for gene expression analysis, comparative genomic hybridization (CGH), representational oligonucleotide microarray analysis (ROMA), Lentivirus production, Southern and Northern blot analysis, inverse and quantitative PCR are available in the supplemental information.
The microarray data was submitted to MIAMExpress at the EMBL-EBI. The accession number is E-MEXP-1648.
RESULTS
Identification of New Genetic Locus for DBA
The index case (Deletion 1) was a 22 month-old male child with a normochromic, macrocytic anemia and congenital abnormalities, including hypertelorism, a ventricular septal defect, hypospadias, low-set ears and developmental delay. DBA was diagnosed based on elevated eADA activity, hypercellular marrow with an absence of erythroid precursors and normal chromosome breakage studies. The anemia responded to treatment with corticosteroids.
The patient had no family history of DBA and a normal RPS19 gene sequence. At 4 years of age he developed neutropenia without evidence for anti-neutrophil antibodies. A repeat bone marrow evaluation revealed decreased myeloid maturation with mild dysplasia. Cytogenetic analysis showed a constitutional deletion of 3q28-qter in both lymphocytes and buccal only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From fibroblasts in the patient that was not present in either parent. This patient is alive at 9 years of age with developmental delay. He remains steroid dependent for his anemia, has persistent leukopenia with mild dysplasia and normal platelet counts. A second patient with DBA and a 3q deletion from a different family was subsequently identified (Deletion 2). This female presented at 7 weeks of age with a low hemoglobin of 5.9 g/dL, reticulocytopenia, an elevated MCV of 105 fL as well as increased eADA activity and fetal hemoglobin. Other hematologic lineages were unaffected. Physical abnormalities were limited to a prominent pectus excavatum and inguinal hernia. The anemia was also responsive to treatment with steroids. A karyotype was normal but subtelomeric FISH demonstrated a de novo constitutional 3q29 deletion.
Identification of a Limited Candidate Gene Subset by Microarray RNA Expression
Analysis
Since haploinsufficiency of the RPS19 gene product is sufficient to cause DBA, 8 we hypothesized that deletion of a critical gene in the 3q28-ter interval might lead to haploinsufficiency of a novel DBA disease allele, even in non-hematopoietic tissues. Due to the large number of genes in the Deletion 1 interval, we employed gene expression array analysis to evaluate expression of these candidates using a novel application of the hypothesis-based analysis of microarrays (HAM) 20 to identify genes with haploinsufficient expression located in the deleted region. To test the event of under-expression in the Deletion 1 sample compared to controls, the HAM method was applied to probe intensities from each experiment among 1) all probes on the array, 2) to the subset of probes identified as located on chromosome 3, and 3) to those probes lying within the interval, 3q28-qter. Supplementary Tables 2 and 3) . Notably, RPL35A, a gene encoding a large ribosomal subunit protein and located at the telomeric end of chromosome 3q, was identified in each of these analyses. We subsequently confirmed decreased expression of RPL35A transcripts from both DBA patient cell lines by quantitative RT-PCR (Supplementary Fig. 3) . A detailed discussion of the gene expression microarray analysis is available in the supplement.
Deletion Breakpoint Mapping
Comparative genomic hybridization (CGH) and representational oligonucleotide microarray analysis (ROMA) analyses were used to identify the deletion of an approximately 10 megabase region of chromosome 3q ( For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From potential candidate genes. This analysis was further facilitated by the inclusion of mapping data derived from a reported 3q microdeletion syndrome, characterized by skeletal abnormalities and mental retardation but not by hematopoietic deficiencies, and, of note, not deleting RPL35A (Fig.   2) . 21 Based on their roles in erythropoiesis, two genes in the initial deletion region considered as potential candidates, TFRC, the transferrin receptor 1 and HES1, a Notch1 signaling protein that regulates erythropoiesis via interaction with GATA1, were considered unlikely gene candidates because they were not included in both deletions (HES1), failed to show a difference in expression level in Deletion 1 LCL by microarray (HES1), or fell within the region of the 3q microdeletion syndrome (TFRC).
RPL35A Mutations in DBA Probands
To determine whether non-deletion RPL35A abnormalities occur in DBA, we screened genomic DNA from an additional 148 probands with DBA. This analysis revealed three mutations of RPL35A (Table 1) , yielding an estimated 3.3% rate of RPL35A abnormalities in DBA probands (5/150, 95% CI 0.0122-0.0777). Both deletion patients had wild-type RPL35A sequence from the unaffected allele. An evaluation of polymorphic sequence variation of RPL35A in 180 normal control individuals did not identify these sequence changes or other deviations from reference sequence in the coding region of RPL35A. However, three putative promoter polymorphisms were identified in both DBA and control samples: a linked T>G transversion at -110 and a G>T transversion at -68 as well as a G>A transition at -99 base pairs upstream from the transcriptional start site were seen in approximately 10% and 2% of cases, respectively.
only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From DNA from family members was available for cases D9 and 019. The D9 delCTT mutation was not found in two unaffected siblings of the proband (data not shown). The 97 G>A mutation in patient 019 segregated with two family members with clinical features characteristic of silent DBA carriers but not with family members with normal hematologic parameters (Fig. 3a) .
While the valine 33 and leucine 27 positions are conserved among eukaryotes, the predicted V33I change results in a conservative amino acid substitution. However, a consistent doublet in the full length RT-PCR product of RPL35A was observed in this sample that was not seen in other normal or DBA samples. Sequencing of both products demonstrated that the shorter cDNA resulted from aberrant splicing causing a nonsense mutation after amino acid position 31 (Fig. 3b) . The full-length band was found to contain both wild-type and 97 G>A sequence with the wild-type splicing pattern. Thus, this mutation results in haploinsufficiency of RPL35A mRNA as a result of the formation of a cryptic splice donor site.
Deficient RPL35A Expression Results in Reduced Proliferation and Increased Apoptosis in
Hematopoietic Cell Lines
Decreased expression of RPS19 is associated with decreased proliferation and increased apoptosis in erythroid precursor cell lines and bone marrow progenitors, with preferential effects on erythroid development. [22] [23] [24] To test whether decreased expression of RPL35A would have similar effects on cell growth and/or apoptosis, we tested four small hairpin RNAs (shRNA) that target RPL35A mRNA (Supplementary Fig. 1 ) and a control shRNA targeting firefly luciferase 18 using a lentiviral system. 19 The TF-1 and UT-7 cell lines are multipotential leukemic cell lines derived from human erythroleukemia and megakaryoblastic leukemia, respectively.
UT-7/Epo is an erythropoietin-dependent UT-7 subclone with a committed erythroid progenitor RPL35A transcript levels of 50-80% of the control infected cells (Fig. 4a) . Cellular proliferation was monitored following cell sorting using a fluorescent DNA binding dye assay. The three effective RPL35A knock-down shRNAs caused significantly decreased proliferation in the UT-7/Epo erythroid precursor cell line in comparison to control-or sh-2 transduced cells ( Fig. 4b-e) .
Similar reductions in proliferation were also observed in TF-1 cells (data not shown). Annexin-V staining after RPL35A knock-down was increased by 45-55% over control-infected UT-7/Epo cells, suggesting that increased apoptosis was responsible at least in part for the proliferative defect in these cells (Fig. 4f) .
Deficient RPL35A Expression Is Associated With Decreased Biogenesis of Mature 60S
Ribosomal Subunits
Deficiency of RPS19 in yeast and hematopoietic cell line knock-down experiments has been shown to result in a reduction of free 40S ribosomal subunits. [10] [11] [12] We hypothesized that disruption of RPL35A would adversely affect 60S subunit biogenesis. In comparison to UT-7/Epo cells transduced with control shRNA, cells transduced with RPL35A sh-1 showed a marked increase in the 40S:60S subunit ratio and decreased 80S complexes, suggesting that the only.
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Deficient RPL35A Expression Is Associated With Abnormal Large Ribosomal Subunit rRNA Processing
Decreased expression of RPS19 in human cells and in yeast is associated with a defect in rRNA processing characterized by a deficiency of mature 18S rRNA with accumulation of the 21S rRNA precursor. [10] [11] [12] [13] This rRNA processing abnormality underlies the failure to synthesize an adequate pool of 40S ribosomal precursors. To test whether decreased levels of RPL35A resulted in similar alterations in large subunit rRNA maturation, we used rRNAs. Labeling of the 32S, 12S, and 7S pre-rRNA species was also significantly decreased. In contrast, the levels of 45S and 41S were increased relative to controls suggesting a delay in processing of these precursors. There was no significant change in mature 18S rRNA associated with RPL35A knock-down ( Fig. 5b and c) .
To confirm steady-state reductions of mature and precursor rRNA, Northern blot analysis For
with a marked increase in 45S:32S ratios (Fig. 6b) , indicating an early processing defect affecting cleavages 1 or 2. Additionally, 32S:12S ratios were increased following inhibition of RPL35A expression (Fig. 6c) , demonstrating that Rpl35A also functions in rRNA maturation downstream of 32S pre-rRNA maturation. In accordance with the in vivo labeling experiments and data from yeast with mutations and deletions of the RPL35A ortholog, RPL33A( 26 and manuscript in preparation), we observed reductions in the 12S and 7S precursors to 5.8S rRNA as well as mature 5.8S rRNA which, after normalization to 18S levels, was decreased to ~60-65% of levels observed in cells with control shRNAs (Fig. 6c) . The steady-state 28S rRNA level was similarly decreased, though to a lesser extent, with 28S:18S ratios ranging from 75-85% of those in cells with control shRNAs (Figs. 6b-c) . Ribosomal RNA processing abnormalities have also been observed in DBA non-hematopoietic tissues 11, 13 ; we therefore used Northern blot analysis to evaluate a panel of DBA EBV cell lines for large subunit rRNA processing abnormalities (Fig. 7) . This demonstrated reduced 32S:12S ratios in both the Deletion 1 and 019
EBV LCL samples as well as an additional DBA sample with wild-type RPL35A, suggesting the involvement of other genes linked to the large ribosomal subunit in DBA.
DISCUSSION
A central and unresolved question since the identification of RPS19 mutations in DBA has been how to explain the limited clinical manifestations resulting from mutation and/or haploinsufficiency of a widely expressed ribosomal protein gene. Extraribosomal functions have been identified for a number of ribosomal protein genes, 27 including RPS19, 9 providing one plausible explanation for tissue specificity. However, the discovery of two additional small subunit ribosomal proteins responsible for the disorder suggests that the ribosome itself may be only.
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site of the central defect in DBA. In the present study, we identified functional abnormalities linked to alterations of RPL35A in patients with DBA, thus establishing this as the first structural large ribosomal subunit protein defect directly implicated in human disease.
As with RPS19 mutations, a variety of mutation types were identified, including amino acid deletions, splicing defects and genomic deletions. Haploinsufficiency of the RPL35A gene product is inferred in 3 of these cases based on genomic deletions or a nonsense splicing defect.
These changes were not seen in the evaluation of 180 normal controls (360 normal chromosomes), a sample size sufficient to detect polymorphisms occurring at a frequency of 1% with 95% power. 28 While the size of normal controls is not sufficient to exclude very rare polymorphisms, the remaining two mutations delete either one or several highly conserved amino acids in regions predicted to form β -sheets 26 Hence the variable expressivity generally observed in DBA appears a feature of DBA due to RPL35A alterations as well. An important future question will be to determine whether defects in genes encoding large ribosomal subunit proteins lead to distinct differences in the types or frequencies of congenital anomalies or malignancies in DBA when compared to defects of the small subunit. 33, 34 ; cross-linking studies in rats 35 have suggested localization of Rpl35a in the ribosome near the A and/or P sites, although no more definitive localization has been made. 36 The first mammalian RPL35A gene was cloned from murine erythroleukemia (MEL) cells where it was found at high levels that decreased significantly on differentiation 37 in a pattern reminiscent of RPS19 expression changes during terminal erythroid differentiation. 38 We used shRNA-mediated knock-down in two hematopoietic cell lines to demonstrate a requirement for Rpl35A in the proliferation and viability of these cells as well as to identify a functional role for Rpl35A in 60S ribosomal subunit formation. Three of the four RPL35A
shRNAs led to marked reduction of RPL35A mRNA; cells expressing each of these three shRNA constructs are nearly indistinguishable with respect to phenotypic abnormalities observed. Although the studies presented herein rely on mRNA estimates of effective knockdown of expression, we would predict significant reductions in Rpl35A protein given the extent of mRNA knock-down in the three effective shRNA constructs. In contrast, shRNA targeting the 3′UTR was only modestly effective, leaving ~75% of RPL35A mRNA intact as assessed by qPCR, and did not lead to statistically significant changes in proliferation or to marked abnormalities in rRNA maturation compared to control cells. It is possible that this level of mRNA expression is insufficient to significantly alter protein levels. Alternatively, small only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From reductions of Rpl35A protein may be insufficient to cause a phenotypic change in this system or post-transcriptional regulatory mechanisms may compensate for modest decreases in transcript level. Ribosomal protein expression is subject to translational control, 39 and tissue-specific translational regulation is one factor that has been proposed to explain the lack of a more generalized phenotype in DBA. 8 Knock-down of RPL35A with each of the three effective shRNAs resulted in significant reductions in proliferation as well as increased apoptosis, suggesting an important role for Rpl35A in promoting cellular proliferation and/or preventing apoptosis. Similarly, deletions of Rpl33A, the yeast RPL35A ortholog, result in a severe slow growth phenotype. 26 In contrast to the 40S deficiency observed following RPS19 knock-down, 12 polysome analysis after RPL35A
knock-down demonstrated a reduction of free 60S subunits, a finding showing the requirement for Rpl35A in normal 60S subunit biogenesis, and consistent with marked 60S reductions observed in yeast with Rpl33A deletions. 26 Northern blot analysis and metabolic rRNA labeling were used to further define the underlying defect in 60S subunit synthesis. Metabolic labeling showed reductions of 32S and subsequent rRNA species without significant changes in mature 18S levels. Northern analysis showed increased 45S:32S pre-rRNA ratios, suggesting an early rRNA processing defect, as well as increased 32S:12S ratios, indicating a processing defect downstream of 32S pre-rRNA. As shown in Figure 6 , a processing defect in cleavages 1 or 2 should result in an accumulation of 45S pre-rRNA and lead to decreased levels of all three mature rRNA species derived from this transcript. However, levels of 18S rRNA are relatively unaffected in RPL35A knockdown cells.
This implies an additional cleavage site(s) in ITS1 (cleavage 2b depicted in Fig. 6a ), analogous to the yeast A3 site, which would result in a selective reduction in 60S relative to 40S subunit only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From rRNAs. Based on these findings, we would argue that the primary defect resulting from RPL35A knockdown is on processing of 32S pre-rRNA but not directly affecting earlier cleavages in ITS1. This primary cleavage defect is likely to be accompanied by a secondary effect on earlier processing which results in the inhibition of cleavages at sites 1 and 2, leading to the observed elevation in 45S:32S ratios. A similar situation occurs in yeast where mutations which cause decreased 60S subunit production lead to secondary inhibition of cleavage at sites A0, A1, and A2 (similar to sites 1 and 2 in humans). 40 Taken together, these metabolic rRNA labeling and Northern blot hybridization data indicate a role for RPL35A in efficient maturation of the 5' end of the 32S pre-rRNA and suggest that it may act across a broader range of prerRNA processing including maturation of the 12S rRNA.
The finding that DBA results from abnormalities of a large ribosomal subunit has several important implications. With the genetic defect unknown in roughly two-thirds of DBA cases, this finding suggests that mutations in other large subunit ribosomal proteins may also lead to DBA. This possibility is supported by our observation of DBA EBV lines with altered 32S:12S ratios and wild-type RPL35A. Based on the relatively low mutational rates observed in RPS24, RPS17 and RPL35A and the clinical heterogeneity of the disease, it is possible that DBA can result from mutations of many different structural ribosomal proteins or of the accessory factors required for ribosome assembly. It is also possible that these rates underestimate the true frequency of genetic changes at these loci since no detailed analysis of deletions or rearrangements has been reported in DBA. In terms of understanding the molecular pathobiology of DBA, the finding of a large subunit defect adds significant new support to the hypothesis that DBA is fundamentally a disorder of defective ribosome synthesis, rather than of extra-ribosomal functions of ribosomal proteins.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From At least three non-exclusive consequences of a failure to synthesize adequate ribosomal components might contribute to the phenotype observed in DBA. First, insufficient ribosomes, whether due to a relative 40S or 60S subunit deficiency, would be predicted to reduce the overall translational output in a quantitative fashion. Globally diminished protein production might then lead to a downstream apoptotic defect in erythroid progenitors or other tissues dependent on very high translational rates. In support of this idea, a quantitative reduction in translation has been reported in DBA patient-derived lymphocytes, irrespective of RPS19 mutational status. 41 Second, ribosomal alterations might lead to qualitative differences in translational output. deletion. 26 Hence, abnormalities of RPL35A, and possibly additional ribosomal proteins, may qualitatively alter protein expression through changes in translational control.
A third potential mechanism whereby ribosomal protein deficiency might lead to a proapoptotic defect comes from nucleolar stress models where defective ribosome assembly signals to increase the steady-state level of p53 and promote a pro-apoptotic phenotype. 42, 43 A proapoptotic erythroid progenitor defect might thus be a consequence of abnormal ribosomes or imbalances of free ribosomal constituents interacting with cell cycle checkpoints. 44, 45 In a scenario analogous to one proposed to explain the limited phenotype associated with RPL24 haploinsufficiency in the Bst/-mouse, 46 the predominantly erythroid phenotype could result from an inflexibility of rapidly differentiating erythroid precursors to tolerate cell cycle prolongation relative to the normal erythroid differentiation program. Alternatively, haploinsufficient only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From expression of ribosomal proteins might limit ribosome assembly due to erythroid specific differences in promoter or 5' terminal oligopyrimidine (5'TOP) regulatory activity. 47, 48 The link of altered ribosome biogenesis to cell cycle regulation and apoptosis may also provide important clues to the cancer predisposition of patients with DBA and other inherited bone marrow failure syndromes associated with ribosomal abnormalities. In this regard, it is notable that haploinsufficiency of several large and small subunit ribosomal proteins was associated with a high incidence of tumor formation in zebrafish. 49 Furthermore, haploinsufficiency of Rps14 has been linked to the 5q-syndrome and myelodysplasia. 16 One potential explanation of these findings is that alterations of ribosomal precursors, ribosome subunits or their constituents may trigger alterations in cell cycle control, inducing apoptotic stress which can be circumvented by mutation or down-regulation of tumor suppressors.
Alternatively, quantitative or qualitative defects in protein synthesis may lead to altered translation of tumor suppressors. Future studies should be able to experimentally test these alternative explanations as contributing pathways leading to cancer predisposition.
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